detection when accompanying luminance contrast be-
Ϫ3.25%. A close match between neuronal and perceptual EqLC thus existed at all luminance contrast levels comes large (Ͼ‫.)%02ف‬ This marked difference between EqLC values obtained perceptually in humans and neu-
tested. Moreover, in contrast to previous findings in human psychophysical observers, perceptual EqLC deronally in monkeys could be due to any of the following: (1) species differences (human versus monkey) in chrocreased with increasing luminance contrast, and did so in conjunction with neuronal EqLC. matic motion processing, (2) differences in task requirements (humans reported direction, monkeys passively viewed stimuli), or (3) perceptual sensitivity to chromatic Population Data Sixty-two MT neurons from two monkeys were studied motion is not mediated by area MT. In order to distinguish among these possibilities, it was necessary to precisely as described for the example shown in Figure extend our previous study (Thiele et al., 1999 ) and obtain perceptual reports from rhesus monkeys while simultaneously recording neuronal activity from area MT (Figure 2 ).
Results

Example Data
Data from a typical neuron are shown in Figure 3 , along with psychophysical data obtained concurrently. Neuronal and perceptual EqLCs were determined using red/ green gratings of three different luminance contrasts: 0%, perceptual isoluminance ( Figure 3B ), Ϫ25% (red more luminous than green, R Ͼ G, Figure 3A) , and ϩ25% (green more luminous than red, G Ͼ R, Figure 3C ). When the red/green luminance contrast was nil (0%), neuronal EqLC was 11.60% and perceptual EqLC was 10.70%. The magnitude of these values confirms previous find- ronal EqLC was Ϫ0.40% and perceptual EqLC was 3. A plot of the neuronal EqLC for each neuron versus between neuronal and psychophysical data was dependent upon temporal frequency. The data presented the simultaneously obtained perceptual EqLC appears in Figure 4A . Three data points are shown for each neuabove (Figures 3 and 4) were obtained using stimuli of relatively low temporal frequency (2 Hz). An additional ron, one for each heterochromatic luminance condition (coded by color). Individual neurons may have higher sample of neurons (n ϭ 11) was tested using stimuli of higher temporal frequency (8 Hz). Under these latter or lower EqLC values than the monkey observer, as revealed by the variability of these measures. On averconditions, neuronal (12.9 Ϯ 3.49) and perceptual (9.70 Ϯ 2.16) EqLCs were high at isoluminance, and age, however, both neuronal and perceptual measures were influenced by stimulus changes, and they were so declined significantly when luminance contrast was added to the red/green grating (Ϫ25% contrast (R Ͼ to a similar degree. This point is further emphasized in Figure 4B, ancy is due to unintended stimulus differences, and to An additional 53 MT neurons were studied using a facilitate comparison of the present results with pubprocedure that differed slightly from that described lished human psychophysical data, we conducted an above (see Figure 3) , and which permitted a more direct additional experiment to assess human perceptual comparison to previous reports of MT neuronal EqLC EqLC. Under stimulus conditions identical to those used (Thiele et al., 1999) . For these neurons, the luminance for the monkey study reported herein, human EqLC was contrast in the achromatic grating was fixed (15% and found to be near 10% ( Figure 4B , stippled line) at all 25%), while the luminance contrast in the heterochrocontrast levels tested (Ϫ25% luminance contrast (R Ͼ matic grating was adjusted to obtain the point of equiva-G): EqLC ϭ 10.55%; 0% luminance contrast (perceptual lence with the achromatic grating. This second apisoluminance): EqLC ϭ 10.8%; ϩ25% luminance conproach is a complement of the first and the data trast (G Ͼ 
respectively. Neuronal and perceptual EqLC values
Discussion for the 25% contrast condition were 1.91 Ϯ 3.10 and 0.14 Ϯ 2.18, respectively, which reflects a significant By eliminating species and behavioral task differences, decline as a function of increasing luminance contrast we have revealed a close match between patterns of (2-factor ANOVA, main effect of luminance contrast, p Ͻ neuronal and perceptual sensitivity to the motion of 0.001). Notably, neuronal EqLC values were nearly idenchromatically defined stimuli. Our results thus provide tical to those obtained using this stimulus approach in direct evidence that neuronal activity in MT is sufficient our previous study (Thiele et al., 1999) , in which animals to account for perception of both luminance and chrowere not required to perform the motion discrimination matically defined stimuli under the current task conditask.
tions. It might nevertheless be argued that MT is not sufficient to account for psychophysical sensitivity under different task conditions, e.g., when contrast sensiEffects of Temporal Frequency Psychophysical studies have suggested that two differtivity for direction of motion is tested. It has, for example, been reported that sensitivity of MT neurons to chroent mechanisms of chromatic motion processing exist in the primate brain (Gorea et al., 1993; Gegenfurtner matic motion at slow speeds is substantially lower than behavioral sensitivity (Gegenfurtner et al., 1994 ). An adand Hawken, 1995), one active at low temporal frequency and the other active at high temporal frequency.
ditional argument against the claim that MT is crucial for all aspects of chromatic motion processing comes We therefore investigated whether the correspondence from the finding that, in humans, the most sensitive Motion Processing Differences between Humans and Monkeys? mechanism for identifying direction of motion exhibits color opponent properties (Stromeyer et al., 1995) , Having equated stimulus and task conditions, our data reveal a surprising difference in chromatic motion prowhereas MT neurons appear to lack such opponency. These arguments advise caution when interpreting cessing for humans and rhesus monkeys. We can now speculate on the causes for this difference. One possibilthe generality of our findings. Nonetheless, we emphasize that our discovery of a strong correlation between ity is that it reflects a fundamental and heretofore unrevealed difference in the organization and function of the neuronal and perceptual measures of chromatic motion sensitivity was a product of a study in which neuronal visual systems between the two species. Although this explanation is impossible to discount at present, it is and psychophysical data were obtained simultaneously from the same subjects. Further studies of this latter not particularly compelling in view of the substantial body of behavioral, anatomical, physiological, and functype are needed to determine whether a similar association between MT and perceptual responses exists for a tional imaging data that demonstrate strong similarities between the visual systems of humans and monkeys. wider range of chromatic motion stimuli. Experiments were conducted, in part, using methods described 
Source of Chromatic Signals for Motion Detection
keys (see above).
The opposed motion stimuli were the principal experimental stimuli used to determine neuronal and perceptual EqLC values. These stimuli were generated by spatial superimposition of achromatic opposed motion stimulus) to those previously obtained tional independent variables. These three variables were manipuupon first day encounter after extensive exposure to single moving gratings. The reward schedule employed on each trial depended lated to create a set of stimulus conditions that enabled determination of neuronal and perceptual EqLC values. Different stimulus upon whether the stimulus was ambiguous or unambiguous: upon presentation of ambiguous stimuli, animals were allowed to choose conditions appeared in a pseudo-random sequence.
Is Chromatic Motion Processing a Product
In practice, EqLC was determined perceptually and for each neueither target to obtain reward. By contrast, correct decisions were enforced upon presentation of unambiguous stimuli. ron by response nulling procedures (described below). Two complementary sets of stimulus conditions were used to obtain these EqLC measures:
Computing Neuronal EqLC These measures were obtained by calculating the average spike • Stimulus Set #1: Heterochromatic luminance contrast was fixed rate during stimulus presentation. Weibull functions were fitted to (i.e., "reference grating") at one of three values: 0%: red and green these means, separately for each heterochromatic luminance conisoluminant (see below); Ϫ25%: red more luminous than green trast and for each directional polarity of the opposed motion stimu-(R Ͼ G); ϩ25%: green more luminous than red (G Ͼ R). EqLC was lus. Using Stimulus Set #1, the two directional polarities yielded determined for each of these conditions by pitting them against oppositely directed response functions (one increasing with lumiachromatic gratings of various contrasts (i.e., "test gratings"), nance contrast, the other decreasing; see Figures 3A, 3B, 3C , gray optimized individually for each condition (see Figures 3 and 4) . and black lines in the upper left inset). Neuronal "motion null" points Seventy-three neurons were tested under these conditions. were interpolated from the intersections of the fitted Weibull func-• Stimulus Set #2: Reference and test grating types were swapped, tions. Each intersection corresponds to a luminance balance in the relative to Stimulus Set #1. Thus achromatic luminance contrast opposed motion stimulus that rendered the neuron insensitive to was fixed at 15% or 25%. EqLC was determined by pitting each directional polarity of that stimulus. Neuronal EqLC was calculated of these reference components against heterochromatic test gratas the difference between the luminance contrasts of reference and ings of various luminance contrasts, which ranged from Ϫ45% test gratings at which motion null occurred. (R Ͼ G) to ϩ45% (G Ͼ R). This method yielded two null points:
Using Stimulus Set #2, two motion null points were obtained (one one occurring when the heterochromatic grating was such that each for red-brighter-than-green and green-brighter-than-red); red was more luminous than green, the other occurring when EqLC was computed as the mean of the absolute difference between green was more luminous than red (see reference 13 for details).
the luminance contrasts of reference and test gratings. Fifty-three neurons were so tested.
Heterochromatic luminance contrast was referenced to each ani-
Computing Perceptual EqLC mal's perceptual isoluminance point. The latter was predetermined Perceptual motion null was defined as the point at which perceived by obtaining psychophysical data using Stimulus Set #2. Specifidirection was equally likely in favor of either component of the opcally, the two heterochromatic stimuli of opposite luminance polarity posed motion stimulus. Similar to neuronal EqLC, perceptual EqLC that each yielded a null point were considered of equal salience.
was computed as the difference between the luminance contrasts Hence, the luminance contrast determined to be midway between of reference and test gratings at which motion null occurred. these points was defined as the point of perceptual isoluminance.
Data used to compute neuronal and perceptual EqLC values were obtained on concurrent trials. A pair of neuronal/perceptual EqLC values was retained in the data pool if (1) the neuron was directionally MT Recordings selective, (2) at least ten trials were recorded for each stimulus We studied a total of 126 MT neurons in two monkeys (M. Mulatta).
conditions, and (3) Weibull "Goodness of fit" was acceptable for All data reported here were taken under conditions of single-unit neuronal and perceptual data sets, based on chi-square fitting proisolation. For each MT neuron tested, the receptive field was cedure. mapped initially using a white bar moving on a gray background. The preferred direction for the neuron was determined from its directional tuning curve, obtained by presenting moving achromatic gratHuman Psychophysics ings (0.7 cycles/Њ, 4 Hz, 100% Michelson contrast) in eight different Stimulus conditions and display methods for our human subject directions.
were identical to those employed for monkeys (see above). Stimuli were 4.7Њ ϫ 4.7Њ, presented at an eccentricity of 2.3Њ, which correBehavioral Paradigm sponded to the mean eccentricity of the neuronal RFs sampled. The Behavioral task conditions and requirements are described here for human observer reported perceived direction of motion by a keyexperiments conducted using monkeys as subjects. The paradigm press. used for human psychophysics was similar; significant exceptions are noted below. Acknowledgments Visual stimuli were presented in a trial format (see Figure 2) 
